The key step in a strategy for the synthesis of (+)-lactacystin involving photocyclization reaction of a cyclopenta-fused pyridinium salt has been probed by using a model substrate. Observations made in this effort led to the discovery of a highly unusual cascade process that leads to stereoselective formation of an interesting tricyclic carbamate. The results of this study are presented and discussed in the context of a (+)-lactacystin synthetic approach.
Introduction
Studies in our laboratory during the past two decades [1] [2] [3] have led to the development and synthetic applications of a novel photochemical reaction of pyridinium salts, discovered by Wilzbach, Kaplan and Pavlik in the early 1970s. 4 In the early investigation by Wilzbach and his coworkers, it was observed that irradiation of a basic aqueous solution of N-methylpyridinium chloride 1 results in stereocontrolled formation of the bicyclic allylic alcohol 3 (Scheme 1). The authors proposed that this process takes place by excited state electrocyclization (a photo-Nazarov cyclization) to produce the intermediate bicyclic allylic cation 2, which then undergoes addition of hydroxide to the least sterically hindered exo-face. Later in a study of pyridinium salt electron transfer photochemistry we observed that irradiation of N-allyl-or N-methyl-pyridinium perchlorate 4 in methanol leads to efficient formation of the trans,trans-3,5-dimethoxyaminocyclopentenes 6 (Scheme 2). 5 Further investigation of this process demonstrated that the cyclopentene products arise by stereoselective ring opening of the initially formed bicyclic ammonium cations 5.
In the intervening years, we probed several features of pyridinium salt photoreactions as part of a program aimed at demonstrating its applications to syntheses of aminocyclitols, [6] [7] [8] [9] amino sugars, 10 and polyhydroxylated indolizidines. 11, 12 In a more recent effort we showed that irradiation of a basic aqueous solution of the cyclopenta-fused pyridinium perchlorate 7 results in regioselective and stereoselective generation of the tricyclic allylic alcohol 8 (Scheme 3). 13 Furthermore, we observed that 8 can be transformed to spirocyclic amino diol derivatives related to 9.
An interesting feature of the sequence shown in Scheme 3
is that it produces an α,α-disubstituted pyrrolidine ring system that would be difficult to generate by other routes. We believed that this unique characteristic might make the photochemical based methodology applicable to synthetic routes targeted at biomedically interesting natural products. In order to explore this proposal, we designed a new strategy for the synthesis of the biologically interesting proteasome inhibitor [14] [15] [16] [17] (+)-lactacystin 11, which has been the target of several earlier synthetic studies. [18] [19] [20] [21] [22] [23] [24] [25] [26] The plan relies on photocyclization reaction of the cyclopenta-fused pyridinium salt 10 (Scheme 4) and it incorporates a cyclopentene ring cleavage protocol that is patterned after methodology we developed earlier as part of routes for the synthesis of 3-aminoaldo pentenoses. 10 In an investigation aimed at probing key steps in this lactacystin synthesis, we explored the preparation and photochemical behavior of the model pyridinium salt 17 (Scheme 5). Below we describe observations made in this preliminary effort which led to the discovery of a highly unusual cascade process that leads to a model of a potentially important intermediate in the preparation of the target.
Results and Discussion
Prior to embarking on the lactacystin synthesis following the route outlined in Scheme 4, we felt that it would be instructive to explore the preparation and photochemistry of the model cyclopenta-fused pyridinium salt 17. This salt was produced by using the short route shown in Scheme 5 that begins with aldol reaction of pyridine 2-carboxaldehyde with the enolate of ethyl acetate. TIPS protection of the alcohol in the product of this process 12 followed by reduction of the ester moiety in 13 gives the selectively protected 2-pyridyldiol 14. Corey-Kim type cyclization 27 of 14 forms the pyridinium chloride 16, which is transformed to the target 17 by TIPS-deprotection and ion exchange.
The photochemistry of 17, unlike that of its non-hydroxyl counterpart 7, 13 proved to be interesting and unusual. For example, irradiation (λ = 254 nm) of a solution of 17 in aqueous perchloric acid, followed by treatment of the crude photolysate with acetic anhydride and pyridine and chromatographic separation led to isolation of the tetracetylated spirocyclic product 18 in a 29% yield (Scheme 6). Our earlier findings suggest that formation of 18 is likely due to in situ acid promoted ring opening of the initially formed Nprotonated form of the tricyclic allylic alcohol 19 (Scheme 3). As expected, photoreaction of 17 in aqueous NaHCO 3 immediately followed by sequential treatment with acetic acid and acetic anhydride/pyridine generates 18 in a 20% isolated yield. This process likely proceeds by way of initial formation of the tricyclic diol 19 which then undergoes acetic acid promoted aziridine ring opening and then triacetylation. In addition, the tricyclic diol 19 is produced in a only ca. 5% yield by irradiation of 17 in aqueous KOH (Scheme 6). Contributing to the low yield of 19 isolated in this process is its exceptionally high polarity, which makes extraction from aqueous solutions and chromatographic separation difficult. Moreover, although not proven the relative stereochemistry assigned to 19 is consistent with observations made in studies described below.
Quite unusually, when irradiation of an aqueous NaHCO 3 solution of 17 is followed by treatment of the concentrated photolysate with t-butyldimethylsilyl chloride and chromato- graphic separation, the tricyclic carbamate 20 is isolated in a 27% yield (Scheme 7). Owing to its unique structure and complex stereochemistry, 20 was characterized by using Xray crystallographic analysis (Figure 1) .
The complicated process producing diol 23, the precursor of 20, proceeds with a remarkable degree of stereochemical control. Specifically, the single chiral center in the starting pyridinium salt 17 directs installation of the other three stereocenters in 23. A possible mechanistic scenario for the production of 23 begins with photochemical formation of the tricyclic diol 19 (Scheme 6). Liberation of CO 2 when the crude photolysate containing NaHCO 3 is treated with excess TBDMSCl, likely promotes reversible formation of the ammonium carboxylate 21. Ring opening of 21 followed by carboxylate addition to the allylic cation moiety in 22 would then give 23.
It is interesting that, despite its low yield, the reaction that transforms 17 to the tricyclic carbamate 20 is potentially compatible with the general strategy we have designed for the synthesis of (+)-lactacystin. Accordingly, an analogous process operating in the photochemistry of enantiomerically pure pyridinium salt 10 would produce the cyclic carbamate 24 (Scheme 8). Cyclopentene ring opening, hydroxyl inversion and selective side chain manipulation would furnish diacid 25 which contains all of the stereocenters with the same relative and absolute stereochemistry as in (+)-lactacystin. Despite this optimistic appraisal, work on this synthetic pathway will not be continued.
Experimental Section
General Procedures. Commercial reagents were used as received, unless otherwise stated. Dynamic Aborbents silica gel was used for chromatography, and Analtech silica gel plates with fluorescence F 254 were used for thin-layer chromatography (TLC) analysis. C. The resulting solution was stirred for 24 h at room temperature, diluted with satd. aq. sodium bicarbonate, and the organic layer was separated, dried over magnesium sulfate, and concentrated in vacuo to give a residue which was subjected to column chromatography on silica gel (1:4 to 1:1 ethyl acetate-hexane) to afford 3.1 g (70%) of 14. 8 mmol) and sodium bicarbonate (0.6 g, 7.1 mmol) in water (600 mL) was irradiated for 11 h at room temperature (70% conversion), concentrated in vacuo to afford a residue, which was dissolved in anhydrous DMF (20 mL) and glacial acetic acid (2 mL). The resulting solution was stirred overnight at room temperature and then mixed with pyridine (2 mL) and acetic anhydride (2.5 mL), stirred overnight at room temperature, diluted with satd. aq. sodium bicarbonate and extracted with ethyl acetate (2 × 100 mL). The extracts were dried and concentrated in vacuo to give a residue which was subjected to column chromatography on silica gel (1:4 acetone-hexane) to afford 0.13 g (yield 20%) of 18. 6 mmol) in water (600 mL) containing perchloric acid (2.5 mL, 70%) was irradiated for 14 h at room temperature (40% conversion), concnetrated in vacuo to afford a residue, which was mixed with DMF (20 mL), pyridine (2 mL) and acetic anhydride (2.5 mL). The resulting mixture was stirred overnight at room temperature, diluted with satd. aq. sodium bicarbonate (20 mL), and extracted with ethyl acetate. The extracts were dried and concentrated in vacuo to give a residue, which was subjected to column chromatography on silica gel (1:4 acetone:hexane) to afford 0.10 g (29%) of 18.
Photoreaction 6 mmol) and sodium bicarbonate (0.6 g, 7.1 mmol) in water (600 mL) was irradiated for 10 h at room temperature (70% conversion) and concentrated in vacuo giving a residue, which was mixed with DMF (20 mL), imidazole (1.0 g, 15 mmol) and tert-butyldimethylsilyl chloride (1.0 g, 6.6 mmol). The resulting mixture was stirred overnight at room temperature, diluted with satd. aq. sodium bicarbonate and extracted with ethyl acetate. The extracts were dried and concentrated in vacuo to give a residue which was subjected to column chromatography on silica gel (1:4 acetone-hexane) to afford 0.13 g (yield 27%) of 20 as a crystalline solid, mp 152.1-152. 
